The rotational spectrum of 3-bromothiophene was investigated in the frequency range between 8 and 18 GHz by use of a microwave Fourier transform spectrometer. Both a-and b-type spectra were assigned for the vibronic ground state. Rotational constants, quartic centrifugal distortion constants and quadrupole coupling constants were obtained for the 9 Br-and 81 Br-isotopic species. For the analysis, the effective rotational Hamiltonian including centrifugal distortion in the form of Van Eijck's symmetric top reduction and bromine quadrupole coupling was set up in the coupled basis of the limiting symmetric top, J, K, /, F, M F >, and was diagonalized numerically. Spin rotation interaction was neglected.
Introduction
The investigation of the rotational spectrum of 3-bromothiophene was initiated because of our current interest in the effects of halogen substitution on the magnetic properties of aromatic rings [1.2, 3] . In the following we present a high resolution study of the vibronic ground state rotational spectra of l2 C 4 'H3 32 S 79 Br and of ,2 C 4 , H 3 32 S 81 Br. In the final stages of this work we became aware of a similar study carried out recently by Sasada, Saitoh, and Tobita [4] , However, due to the superior performance of the microwave Fourier transform spectrometer used in our work, our data, which include the analysis of the weak /* b -type spectra and a complee centrifugal distortion analysis up to fourth order, are considerably more accurate and more complete.
Experimental
Commercial 3-bromothiophene (EGA-Chemie) was used after several bulp to bulp distillations without further purification. Since the standard Stark spectra appeared comparatively weak, we switched to the Fourier transform spectrometer developed by Dreizler and coworkers [5] in order to exploit its higher sensitivity and resolution. Typical recording conditions were temperatures about -55 °C and pressures about 1 mtorr.
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In Fig. 1 we present a Fourier transform spectrum of the quadrupole hyperfine pattern of the 4 ]3 -> 5] 4 rotational transition of l2 C 4 'H 3 32 S 79 Br. This spectrum is typical for the signal to noise ratio and the spectral resolution achieved in the present investigation. For comparison we also show a computer simulation of the quadrupole hyperfine structure in the standard absorption spectrum. The latter was calculated from our final data for the quadrupole coupling constants, rotational constants and centrifugal distortion constants (see below). The discrepancy between the relative intensity patterns in the Fourier transform spectrum and in the standard absorption spectrum is obvious. This is however a common feature of microwave Fourier transform spectroscopy and reflects the fact that the polarization efficiency of the exciting microwave pulse is not the same for the different satellites.
Apart from the dipole transition matrix element, the polarization efficiency also depends on the power and duration of the microwave pulse and on the frequency offset between the resonance frequency of the individual transition and the carrier frequency in the exciting pulse [6] . As a result of such differences in the initial polarizations, the intensities of the subsequent transient molecular emission signals do not any more directly reflect the dipole matrix elements and statistical weight factors as would be the case in a standard absorption spectrum. quadrupole hyperfine multiplet  of the  12 C 4  1 H 3  32 S  79 Br 5,4 4, 3 rotational transition. The time domain signal consisted of 1024 data points taken at 20 ns per point after a delay of 0.5 ps to allow pulse echoes to die out. The pulse duration was 90 ns. The carrier frequency in the exciting pulse was 9057 MHz. Eight times 256 k successive free induction decay signals were sampled in order to improve the signal to noise ratio. 3072 zeros were added before Fourier transforming. Pressure: 1.12 mTorr. Temperature: -56 °C. The lower trace shows a computer simulation calculated according to Eq. (1) from the quadrupole coupling constants, rotational constants and centrifugal distortion constants listed in Tables 3 and 4 . The experimental linewidth is 80 kHz full width at half height. "Wrong" relative intensities in the experimental spectrum are partly due to the frequency-offset dependence of the polarization efficiency of the pulse. [7] , which is still reasonably below the observed linewidth of 80 to 100 kHz. The final satellite frequencies listed in Tables 1 and 2 were calculated from a three point interpolation around the line centers. Due to the limited signal to noise ratio we estimate their precision to 6 kHz for the more intense satellites and to about 12 kHz for the weaker satellites.
Analysis of the spectrum
Initial rotational constants were calculated under the assumption of an undisturbed thiophene ring [8] with a bromine atom substituted in the ^-position. The C-Br bond distance, 1.85 A, was taken from bromobenzene [9] , In Fig. 2 we show this structure and the principal inertia axes system for the 79 Br isotopic species. The position and orientation of the principal inertia axes system is largely determined by the position of the bromine atom which accounts for about half the mass of the whole molecule. Fig. 2 . Approximate structure and dipole moments of 79 Br-3-bromothiophene based on an undistorted thiophene ring [8] , a C-Br bondlength of 1.85 A taken from bromobenzene [9] and a vector addition of the experimental dipole moments of thiophene [10] and bromobenzene [11] , Also shown is the position and orientation of the principal inertia axes system. prolate symmetric tops with the «-axes as symmetry axes of the moment of inertia tensor.
Also shown in Fig. 2 is a prediction for the electric dipole moment vector. It was calculated as sum vector from the experimental dipole moments of thiophene (// = 0.55 Debye [10] ) and bromobenzene (//= 1.7 Debye [11] ). With the predicted /vvalue roughly three times pb, the rotational spectra were expected to be dominated by /^-type transitions with groups of lines corresponding to the AJ = + 1, AK= 0 transitions of the limiting prolate symmetric top.
Such groups of lines were indeed found at frequency intervals of approximately 1.7 GHz which roughly corresponds to the sum of the B and C rotational constants. The final assignment of the individual transitions within these groups was quickly established due to their typical bromine quadrupole hyperfine structure which could be predicted from the known quadrupole coupling constants of 3-bromofurane [12] . The assignment was confirmed by the excellent selfconsistency of the fit.
In Tables 1 and 2 For the final analysis we used the effective rotational Hamiltonian given in (1). It includes centrifugal distortion corrections up to quartic terms in the angular momentum operators and results from a second order perturbation treatment within the vibronic system which aims at the vibronic ground state [13] .
Since as far as its rotational constants are concerned 3-bromothiophene comes close to a prolate symmetric top. the centrifugal distortion part of the Hamiltonian was arranged according to the "symmetric-top-red uction" proposed by Van Eijck [14] (Eq. (10) of [14] ).
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In Eq. (1) the indices a, b and c designate the principal inertia axes system of the rotating molecule.
A'. B'. C'
are effective rotational constants measured in frequency units. J U ,JT,,J C are the angular momentum operators corresponding to the components of the angular momentum with respect to the molecular axes system measured in units of h.
They too are measured in frequency units. For their defintion the reader is referred to [14] .
In Eq.
(1) the quadrupole coupling operator is expressed in spherical tensor notation. The Qm's and Vm's are defined as follows [15] :
Here the indices X, Y, Z designate the space fixed axes of the laboratory system with the Z-axis in direction of the electric field vector of the incident microwave radiation. Q FF ', (F, F' = X, Y, Z) are the elements of the bromine nuclear quadrupole moment tensor. Within a classical point charge model for the nucleus they correspond to the following expressions:
with R 2 = X 2 N + Y\ + Z 2 , SFF the Kronecker symbol and e" the electric charge of the «-th point charge within the nucleus. We note that some authors use a definition of the quadrupole moment which differs by a factor of 1/2 from the definition used here. V Fr are the second derivatives of the intramolecular Coulomb potential V with respect to the space fixed aces. They are taken at the position of the bromine nucleus. Only that part of V is considered which originates from charges outside the nucleus. (4) c In (3) and (4) all coordinates are referred to an axes system parallel to the space fixed laboratory system but with its origin at the center of the quadrupole nucleus.
For the numerical analysis the matrix of the Hamiltonian given in (1) was set up in the coupled basis corresponding to the limiting symmetric top J. ÄL, /, F, MF) [16] . This matrix factorizes into Fblocks (F -quantum number corresponding to the overall angular momentum including the spin of the Bromine nucleus (I) and the rotational angular momentum (/). but neglecting all other spins). In the case of the Br-nuclei with nuclear spin / = 3/2, each F-block comprises contributions from four J-blocks and was diagonalized numerically. The rotational constants, the quadrupole coupling constants and the quartic centrifugal distortion constants could be fitted to the observed spectra.
Since the quadrupole coupling constants essentially determine the splitting of the rotational transitions into the F ->• F' hyperfine satellites while the centrifugal distortion constants determine the position of the center frequency of the hfs multiplet [17] , this fit was carried out in an iterative procedure based on the following three step cycle l.Only //? (with approximate rotational constants) and J£Q//; were used to fit the quadrupole coupling constants to the observed multiplet splittings. 2. With these improved quadrupole coupling constants we calculated the hypothetical quadrupole free rotational transition frequencies (multiplet center frequencies). 3. Only //? and together with the multiplet center frequencies determined in step 2 were used for a least squares fit of the rotational constants and of the centrifugal distortion constants.
The improved rotational constants which resulted from step 3 were then used as input data for step 1 of the next cycle.
Selfconsistency was achieved already after two cycles. The results are presented in Table 3 (quadrupole coupling constants) and Table 4 (rotational constants and centrifugal distortion constants). As a check for this numerical procedure we used the data of Tables 3 and 4 as input for a computer program which sets up the matrix of the complete effective Hamiltonian in the coupled symmetric top basis J, AL, /, F, Mp) and diagonalizes it numerically [18] .
As might be expected from the small centrifugal corrections (below 300 kHz for the low J transitions observed here) both numerical procedures lead (within better than 0.1 kHz) to identical results. Table 3 . Bromine quadrupole coupling constants for the two isotopic species. Only y ah is determined by the experiment, but a negative sign would correspond to a tilt angle greater than 7° between the C-Br-bond axis and the principal z-axis of the quadrupole coupling tensor which appears highly unlikely, ( v-axis perpendicular to the molecular plane). (5, defined in Eq. (6) of the text, is a measure of the double bond contribution to the carbon halogen bond (1.5%). The quadrupole coupling constants relate to the nuclear quadrupole moment and the fieldgradients via x aa = </, M, = I Q.. /, M, = /) • V wl /\\ etc. 12 Table 5 . Correlation matrices for the least squares fit of the rotational constants and centrifugal distortion constants (step 3 of the iterative procedure described in the text). Due to the planarity condition [31] : 6 can not be determined independently and the fit was carried out accounting for the planarity condition as described in [32] , V. Typkes program ZFAP4 was used. In fact in Tables 1 and 2 the frequencies labelled "calc" have been calculated from the molecular parameters listed in Tables 3 and 4 by direct diagonalization of the complete Hamiltonian given in (1).
Discussion
In view of the present lack of sufficient data for a complete structure determination from the rotational constants of different isotopic species, we restrict our discussion to some remarks on the observed bromine quadrupole coupling tensor.
From y aa , y bb and y ab we may calculate the quadrupole coupling tensor elements in its principal axes system, x, y, z (j-axis parallel to the molecular c-axis i.e. perpendicular to the molecular plane). This requires a rotation by an angle
about the c = y axis and leads to the quadrupole coupling tensor elements in its principal axes system which are listed in Table 3 . Depending on the actual sign of y ab , 0 a: would be ±3.6° for 79 Br-3-bromothiopene (for / flfc =±54.1
MHz) and ±3.8° for 81 Br-3-bromothiophene (for Xab-± 47.6 MHz). The upper (positive) sign would correspond to a z-axis closely alligned to the CBr bond axis (compare also Fig. 2 ), while the lower (negative) sign would correspond to a 7 0 tilt between the C-Br bond axis and the symmetry axis of the quadrupole coupling tensor. Since the quadrupole coupling tensor reflects the symmetry of the close electronic surrounding of the nucleus, a 7° tilt would correspond to a rather extreme banana shaped (T-bond. We are therefore confident that the possibility of a negative sign for y ab may be discarded.
The asymmetry in the in plane (x xx ) and out of plane (y yy ) quadrupole coupling tensor elements perpendicular to the bond axis (z-axis) may be used as a measure for the degree of double bond character, Ö, in the C-Br-bond [19] , [20] , 3 eQq n , li0
In (5) the denominator eQq n \o represents the quadrupole coupling contribution of an electron in the atomic bromine p. valence orbital (n = 4 for Br). Its value has been determined for both Br isotopes by King and Jaccarino [21] Within a simple valence shell LCAO molecular orbital model [22] in which all nuclear contributions to the electric field gradient are neglected and in which only the one center integrals located at the Br nucleus are retained for the calculation of the quadrupole coupling tensor elements, <5 as defined by (5) In (6) c mPi is the coefficient of the bromine valence shell p x orbital in the m-th molecular orbital. The sum runs over all occupied space orbitals and the factor of 2 accounts for occupation of each orbital with two electrons with antiparallel spins.
In Table 6 we list the lvalues calculated from (5) together with the corresponding values for several other aromatic systems. Also listed for comparison are the lvalues for the corresponding vinylhalides. First we note that there is a trend to increasing double bond character in the carbonhalogen bond when proceeding from I-to Cl-substitution. This trend parallels the improving overlap properties of the out of plane halogen /? v -orbitals with the out of plane /? v .-orbital of the adjacent carbon atom.
However, we must also note two facts which still call for an explanation. First, the double bond character in the CBr bond of vinylbromide is larger than in bromobenzene while it is smaller in the substituted furanes and thiophenes. At first sight one would expect a trend in the same direction when changing from a delocalized system (benzene) to a system with a more localized double bond adjacent to the CBr bond i.e. one would expect the furanes and thiophenes to hold an intermediate position.
Second there is a marked difference in the double bond character of the a-substituted and of the ß-substituted heteroaromates, but with opposite trends for the furanes and for the thiophenes. While abromofurane shows twice the double bond character of /?-bromofurane. /?-bromothiophene shows about three times the double bond character of a-bromothiophene. This effect is well above the experimental uncertainties in the (5-values which are on the order of ± 0.001 as is also seen in the consistency of the results for the two bromine isotopes. Our problems in understanding the data may of cause merely indicate that the simple LCAO-model upon which our interpretation of the quadrupole coupling constants is based, has been pushed beyond its limits of approximation if double bond characters of the order of only one to four percent are discussed.
